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SUMMARY 

Frictional heating resulting from flight at high speeds effectively 
reduces the value of ambient-air temperatures at which ice forms on air- 
craft surfaces. An experimental study was made of the wet-surface tem- 
perature and the stream conditions that result in ice-free surfaces for 
bodies in flight through icing clouds, and the results obtained are com- 
pared with values calculated using an analytical method. Two symmetrical 
airfoil models, one of diamond shape and the other of double-circular-arc 
contour, were used in the investigation. Results are presented for Mach 
numbers from 0.6 to 1.35 and for pressure altitudes from 25,000 to 40,000 
feet. 

The experimental investigation gave values of the wet-surface tem- 
perature that were consistently 2*^ to 4*^ F higher than the values cal- 
culated by the analytical method for all but the foremost part of the 
airfoils. The analytical method gave conservative results, compared with 
the experimental results, predicting the initial formation of ice to 
occur at values of ambient -air temperatiire up to 12° F higher than were 
found experimentally. The experiments generally substantiated the ana- 
lytically determined location of critical regions on the bodies for the 
initial formation of ice and provided sufficient agreement with analyti- 
cal results to prove their validity. 


INTRODUCTION 

As flight speeds are increased into the transonic and supersonic 
regimes, the frictional heating of aircraft siirfaces becomes of consider- 
able importance in reducing the susceptibility of the surfaces to icing. 
Atmospheric conditions that are regarded as extremely hazardous icing 
conditions for low-speed aircraft may be completely harmless at higher 
flight speeds. The set of flight conditions providing a surface temper- 
at\ire of 32° F for a particular point on a body running fully wet in an 
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icing cloud is termed the icing limit for that point in references 1 and 
2. The analysis presented in reference 1 equates the frictional heating 
term to the evaporative and heat-transfer terms in a heat balance for 
the icing -limit condition for a diamond airfoil in transonic and super- 
sonic flight. The results of reference 1 show that a critical region 
for the initial formation of ice exists at or just behind the shoulder 
of the diamond airfoil as a result of the reduced pressure and consequent 
increase in the evaporative cooling effect in this region. A limited ex- 
perimental verification of the results of the analysis of reference 1 was 
also presented therein. 

The procedure used for calculating the icing limit in reference 1 
was applied generally in reference 2 to obtain charts that would facili- 
tate the determination of the icing limit at any point on a body in terms 
of the stream conditions. Because certain of the conditions and assump- 
tions made in the analysis were not Imown to be fully applicable at high 
flight speeds^ an experimental investigation of the icing limit was made 
and is reported herein. Two airfoil shapes, a symmetrical diamond air- 
foil and a symmetrical circular-arc airfoil, were investigated over a 
Mach number range of from 0.6 to 1.35 and for pressure altitudes from 
25,000 to 40,000 feet. This investigation was conducted in a 3.84- by 
10-inch tunnel at the NACA Lewis laboratory. 


SYMBOLS 


The following symbols are used in this report: 


C 


P 



D 


k 


e 


g 


specific heat of air at constant pressure, (0.24) Btu/(lb)(°F) 

diffuslvity of vapor in air, sq ft/sec 

vapor pressure, Ib/sq ft 

acceleration due to gravity, ft/sec^ 

thermal conductivity of air, Btu/(sec)(sq ft)(°F/ft) 

coefficient of evaporation 


coefficient of transfer of heat 


L 


latent heat of vaporization, 1075.8 Btu/lb at 32° F 
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M 

“e 

Pr 


ad^w 


0, c 

Tr 

t 

V 

x/ c 

r 

p 


Mach number 

molecular weight of air 

molecular weight of water vapor 
c Pg 

Prandtl number, = — 

static pressure, Ib/sq ft (sum of dry-air and water-vapor 
partial pressixres) 


recovery factor from 
static temperature, °R 


,w = Tq[i + 


‘(r-i) 


ul\ 


adiabatic wall temperature, 

minimum free-stream static temperature corresponding to ice- 
free condition on surface, °R 

Taylor number = '^ = Schmidt number 

temperature, °F 
velocity, ft/sec 

chordwise position (distance from leading edge divided by chord 
length) 

ratio of specific heats of air = 1.400 
viscosity of air, slugs/ (ft) (sec) 
density of air, slugs/cu ft 


Subscripts: 
s surface 


0 


free-stream conditions 


1 


local conditions at edge of boundary layer 
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ANALYSIS 


The generalized heat balance for a thermally insulated body moving 
relative to an icing cloud is given in references 1 and 2 as follows: 

(l) Heat due to frictional effects 
plus 

(2) Heat due to kinetic energy of water droplets 

plus 

(3) Heat of fusion 
equal 

(4) Heat lost by convection 
plus 

(5) Heat for evaporation of water 
plus 

(6) Heat required to raise temperature of impinging water from 
stream temperature to surface temperature 

The analytical results of references 1 and 2 are based on the use 
of Hardy* s relation (ref. 3)^ which is obtained by equating the friction- 
al term (l) to the sum of the convective term (4) and the evaporative 
term (S). The heat of fusion term (3) is equal to zero if no ice is 
forming on the surface or in the water film. Thus^ at the icing limits 
for Hardy *s relation to be valid teimi (2) must be nearly equal to term 
(6) or the difference between the two terms must be small compared with 
term (l) . Both terms (2) and (6) are functions of the liquid-water con- 
tent of the cloudy and^ for values of liquid-water content usually asso- 
ciated with high-speed and thus high-altitude flighty both the terms are 
quite small and of nearly the same magnitude. The difference between 
the values of terms (2) and (6) is less than 3 percent of term (l) for 
the following severe flight conditions: jVfech number^ 1.36; pressure 

altitude^ 35^000 feet; ambient-air temperature^ -30^ F; and liquid-water 
content^ 0.5 gram per cubic meter. 

The relation of Hardy given in references 1 and 2 is 


Ts-Ti|_l+ 2 %J khin^Cp 




( 1 ) 
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The ratio of the evaporation coefficient kg to the heat-transfer co- 
efficient is usually accepted (refs. 1 to 3) as having a value 

nearly equal to unity for water evaporating into air at temperatures 
near 32° F. For laminar flow^ the relation is given in reference 3 as 

ke/kh = (Pr/Tr)V^. Numerical evaluation of this relation yields a 

value of approximately 1.10. For turbulent flow^ an analytical treatise 
(ref. 4) indicates the value of the ratio to he approximately 1.05. An 
experimental investigation of the sublimation of ice (ref. 5) gives a 
value of 0.90 for the ratio. Because of the uncertainty of the value of 
the ratio^ a value of unlty^ which represents an average^ was used in 
accord with that used in references 1 and 2. In addition^ if, as assiimed 
in references 1 to 3, the flow about the body outside the boundary layer 
is accomplished with no change in phase of the vapor or droplets, then 
Dalton's law of partial pressures applies and ~ 

equation (l) eQ/(pQ - e^) may be substituted for Sj./ ^^1 “ ^1^' 


For purposes of calculation and presentation of the results, equa- 
tion (l) is put in the following form: 


1 + 


r-1 


rM^ 


492 = T-, 


0,c 


Tq,c - 2788.6 


12.75 



12.75 


1^0 - 


( 2 ) 


This is the equation of reference 2 with a slightly different value of 
the constant. The icing-limit temperature (free-stream static tempera- 
ture, Tq g) was determined in reference 2 as a function of the param- 
eters ^Tj/Tq^c^x ^1 + and P^^/Pq altitudes from sea level 

to 45,000 feet, the maximum probable icing-cloud altitude. In addition, 
charts were presented for the rapid determination of the parameter 

^T^/Tq c^ ^^l) ^^°°^ "the stream and flow conditions about a body. 


The experimental investigation of the icing limit consisted essen- 
tially in determining the value of the stream static temperatuxes at 
which ice would first start to form on, or just be removed from, a svir- 
face in a high-velocity air stream. For this purpose, a symmetrical dia- 
mond airfoil and a symmetrical circular-arc airfoil, each having a chord 
length of 6 inches and a thickness-to-chord ratio of 6 percent, were 
used in the study. Both airfoil models were made of brass and were pro- 
vided with 11 static-pressiire taps in the chordwise direction. A trans- 
parent plastic insert, which formed a relatively large (l by 5 in. ) 
portion of the central part of each airfoil, provided an insulated region 
free from conduction effects where local surface temperatiires could be 
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determined. The ratio of the thermal conductivity of the plastic insert 
to that of the rest of the model was approximately 2.5x10“^. Fifteen 
thermocouples were located in the surface of the plastic in a chordwise 
direction parallel to the static taps. A photograph of the circular-arc 
airfoil model showing the static taps, the plastic insert, and the ther- 
mocouples is presented in figure 1. The diamond airfoil was of similar 
construction. 

A schematic diagram of the 3.84- by 10-inch tunnel in which the ex- 
periments were conducted is shown in figure 2. One wall of the test 
section was of glass for the purpose of observing the formation of ice 
on the airfoil models. Permanent instrumentation of the tunnel includes 
static-pressure taps along the top and bottom walls of the tunnel and 
pressure taps and thermocouples in the plenum chamber . The airfoil 
models were mounted on a porthole in the tunnel wall that was also pro- 
vided with static-pressure taps. 

The air for the tunnel was provided from a central supply system 
at the following initial conditions: pressure, 10 pounds per square 

inch gage^ temperature, -20*^ and humidity ratio, approximately 3.0x10 
pounds of water vapor per pound of dry air. By means of electric and 
steam heaters and a control valve at the inlet to the plenum chamber, the 
air was conditioned to the desired values of temperature and pressure at 
the tunnel test section. 

A sensitive dewpoint meter was used to determine the frostpoint tem- 
perature of a continuous sample of air from the tunnel plenum chamber. 

An air-atomizing spray nozzle, located approximately 18 inches up- 
stream of the model as shown in figure 2, was used to provide local 
values of the liquid -water content of the air from 0.5 to 7.0 grams per 
cubic meter at the model. The liquid-water content of the air was esti- 
mated from measured values of water-flow rate together with determinations 
of the volume flow of air through the observed area of spray coverage. 

The volume— median drop size was estimated to be approximately 15 microns 
from previous experiments with dimensionally similar nozzles in the 6— 
by 9-foot icing research tunnel. A calculated value for the mean droplet 
diameter of approximately 18 microns was obtained using the conditions of 
the experiments in an empirical equation of Nukiyama and Tanasawa 
(ref. 6). 


METHOD AND PROCEDURE 

The icing limit has been defined as ”the set of flight conditions 
which provides a [wet and ice free] surface temperature of ’ 52 ^ F for a 
particular point on a hody traveling in an icing cloud (ref. 2). The 
general equation (l) does not include the 32^ F surface temperature 
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restriction^ and can te checked at other temperatures. The specific ap- 
plication of the general equation to the icing limit adds no complication^ 
except that^ for the experimental investigation^ a slight amount of ice 
must form to enable the determination of the icing limit. Thus^ experi- 
mentally the release of the heat of fusion of a small amount of ice occurs 
hut is negligible and is not considered in the analysis. 

The experimental procedure consisted in operating the tunnel at con- 
stant conditions of pressure altitude^ Mach number^ and free-stream vapor 
concentration^ while the temperature of the air at the plenum chamber was 
controlled to achieve the desired temperature conditions at the model. 
Measurements of surface temperature were obtained for both the wet and 
dry surface conditions. The dry surface temperature measurements were 
taken in order to obtain values of the recovery factor used in equation 
(l) . The experimental value of the icing limit was determined for each 
Mach number and pressure altitude condition by first selecting a value 
of plenum air temperature for which ice would form on the models and 
gradually increasing the temperature until the ice would no longer form. 

No appreciable accumulation of ice was allowed to form on the models as 
the local pressure changes caused by the rough ice are conducive to the 
formation of more ice^ and the formation of more than minute quantities 
of ice would require that the heat of fusion be considered in the inves- 
tigation. The value of the plenum temperature that corresponds to the 
icing-limit conditions was then used to determine the value of free- 
stream static temperature on the basis of a dry-air adiabatic process to 
be compared with the analytical results of references 1 and 2. 


EESULTS AND DISCUSSION 

Several factors influenced the size requirements considered in the 
design of the airfoil models used for the investigation. Problems aris- 
ing from the model instrumentation and mounting of the models in the 
tunnel so that icing of mounting devices would not be a source of dif- 
ficulty required that the models be of relatively large size. However^ 
at high air velocities^ an effect on the flow field about the model re- 
sults if the ratio of model -to -tunnel cross-sectional dimensions is large. 
As measured values of the local static pressures were to be used in the 
determination of the icing-limit conditions^ it was not necessary^ how- 
ever^ that the flow field about the model be completely free from tunnel 
wall effect; and^ therefore^ some design compromise was possible in the 
size of the models. 


Chordwise Variation of Pressure Distribution 

Pressure distributions on the models for Mq = 1.35 are shown in 
figure 3. The pressure coefficient Cp is presented as a function of 


8 


NAG A TW 3396 


the chord position for the two models^, and corresponding theoretical 
relations are presented for comparison. The leading-edge shock wave is 
reflected hy the tunnel walls and intersects the models at approximately 
the 70-percent-chord position. The effect on the local static pressure 
is quite severe in the vicinity of and behind the shock -wave intersection. 
Some data obtained in this region are included throughout . the report to 
show the results of this disturbance in the flow field on the surface 
temperature . 


Chordwise Variation of Recovery Factor 

In order to calculate icing-limit temperatures, a reasonably accu- 
rate value for the recovery factor r must be used in equation (l) . The 
recovery factor is a function of the body shape and also depends upon 
whether the flow is laminar or turbulent. For usual body shapes, the 
value of the recovery factor is between 0.84 (laminar) and 0.90 (turbu- 
lent) (ref. 7). The extremes of this variation are sufficient to change 
the value of the icing limit determined from equation (l) by several 
degrees Fahrenheit. Therefore, values of the recovery factor for each of 
the airfoil models were experimentally determined for subsonic and super- 
sonic conditions over a range of pressure altitude. Both local surface 
temperature and local Mach number values are required for the determina- 
tion of the recovery factor. As the chordwise position of the thermo- ' 
couples and pressure taps did not exactly coincide, values of surface 
temperature corresponding to the static -tap location were obtained from 
plots of surface temperature against chordwise position. Thus, the 
recovery-factor values correspond to the chordwise location of the static 
taps on the model. The use of faired values of surface temperature gave 
more accurate results than could be obtained with faired values of static 
pressure or local Mach number, because the number of thermocouples was 
greater than the number of static-pressure taps. 

Figure 4 shows recovery factor as a function of the chordwise posi- 
tion for the diamond airfoil model at values of the free -stream Mach num- 
ber of 0.8 and 1.35. At the lower Mach number condition (fig. 4(a)), the 
value of the recovery factor was approximately 0.86 over the front half of 
the model and 0.87 over the rear half. For the supersonic case (fig. 
4(b)), the value of the recovery factor was higher, averaging slightly 
greater than 0.88 over the front surface and approximately 0.89 for the 
rear sixrface. 

Values of the recovery factor obtained with the circular-arc airfoil 
at Mach numbers of 0.6, 0.8, and 1.35 at 30,000-feet pressure altitude 
are shown in figure 5(a). The recovery factor shows a slightly higher 
value at the higher Mach numbers. Figure 5(b) presents the circular-arc- 
airfoil recovery factor for a Mach number of 1.35 for pressure altitudes 
from 25,000 to 40,000 feet. Figures 4(a) and (b) and 5(b) show that, for 
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■both the diamond and the circular-arc airfoils^ the effect of increasing 
air density (decreasing pressure altitude) on the value of the recovery 
factor is similar to the effect of increasing Mach number^ and both might 
thus be described as Reynolds number effects. However^ for the Reynolds 
number range of this investigation almost the entire chord length of the 
airfoil is in the transition region from laminar to turbulent flow^ and 
any increase in Reynolds number results in a more turbulent regime with 
consequent increase in the recovery factor. 

The recovery factor obtained when the occurrence of fully turbulent 
flow is accelerated by roughness near the leading edge is shown in fig- 
ure 5(c). A band of number 80 grit^ 3/l6 inch wide^ was cemented to the 
model just behind the leading edge to promote the increased turbulence. 
The recovery factor behind the roughened surface is 0.87 at the first 
point of measurement^ as compared with 0.845 obtained with the smooth 
surface. The increase in recovery factor due to roughness diminishes as 
a function of the distance from the leading edge^ showing that almost 
fully turbulent flow exists at the midchord position without roughness. 

The recovery factor can be determined only for a dry surface; there- 
fore^ the effect of a surface water film cannot be evaluated^ but should 
be of no greater magnitude than that experienced with the leading-edge 
roughness. For both the diamond and circular-arc airfoils^ a value of 
0.88 for the recovery factor would seem to be applicable for conditions 
involving some roughness due to water film or ice for all but the very 
foremost regions of the airfoils. 


Diamond Airfoil 

Surface temperature and icing limit - rear surface . - The existence 
of a critical region for the foimiation of ice just behind the shoulder 
of the diamond airfoil was predicted and experimentally substantiated in 
reference 1. A similar result was experienced during the present inves- 
tigation^ and a photograph of ice foimied on the rear surface of the air- 
foil model is shown in figure 6. Conduction of heat from the tunnel 
walls and from the unwetted regions of the brass portion of the model 
prevented the formation of ice on any part of the model except the plastic 
insert and areas immediately adjacent. 

Experimental values of the wet -surface temperature behind the shoul- 
der were often not obtained^ because as the water film flowed over the 
shoulder it divided into rivulets that frequently missed the thermocouples 
entirely. 

For both the diamond and circular-arc airfoil models^ the experi- 
mental and analytical results could be evaluated in two ways. Firsts the 
temperature and flow conditions that would result in the first slight 
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formation of ice at a point on the surface of the model were experimen- 
tally determined^ from which the value of the free-stream static temper- 
ature t^ was determined from compressible flow relations. Analyti- 
cal values of the free-stream static temperature tQ^^, from reference 

2 (whenever applicable), which were also determined for the local con- 
ditions corresponding to the location of the ice formation, are presented 
with the experimental values in the figures. In addition, for each of 
the icing-limit conditions, the measured surface temperatures obtained 
over the model are presented, together with curves showing the surface 
temperature variation calculated with equation (l) for each point of 
measirrement of local static pressure on the model, with the value of Iq 

determined from the experiments assuming a dry adiabatic process. 

Measured surface temperature values obtained at Mq = 0.8 for two 

values of pressure altitude are shown in figures 7(a) and (b) for the 
icing-limit condition (stream temperature for which ice just starts to 
form). Included also are the calculated surface temperature (eq. (l)) 
and the location of the ice formation in terms of chordwise position. A 
value of 0.88 was used for the recovery factor in making the calculations. 
A fully wetted surface condition prevails over the front face of the dia- 
mond airfoil, and the calculated surface temperature curve closely approx- 
imates the measured values. In the region near the leading edge, the use 
of a lower value of the recovery factor would result in closer agreement 
with the measured values. 

The critical region at the shoulder is highly localized in the case 
of the subsonic free-stream condition, and conduction of heat from other 
parts of the model would tend to limit the temperature reduction in this 
region. The conduction effect could thus be partly responsible for the 
fact that, at the value of free-stream static temperature for which ice 
just began to form on the airfoil (surface temperature of 32° F at shoul- 
der), the value of the calculated surface temperature was somewhat below 
the freezing level. In general, values of calculated surface temperature 
below 32° F do not have much significance other than to Indicate the loca- 
tion of an ice-formation region; and, therefore, the curves are shown as 
dashed lines below 32° F. For equation (l) to be applicable, the surface 
must be ice-free; and, therefore, values of the calculated surface tem- 
perature below the freezing level indicate the temperature that super- 
cooled water would assume if it existed on the surface. 

High values of the measured surface temperature behind the shoulder 
result from the rivulet nature of the runback water flow, the surface 
being only partly wet. In general, the thermocouples that were observed 
to be wetted by a rivulet reached an equilibrium wet-surface temperature 
that was unchanged by increasing the water flow. For the subsonic p^t 
of the experimental investigation, the free-stream humidity was consider- 
ably below the saturation value for the stream static temperature. There- 
fore, no direct comparison of the free-stream static temperature for the 
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icing-limit condition can be made with results obtained from reference 2^ 
which applies only for saturated free-stream conditions. Howev^er^ the 
agreement between the calculated and measured surface temperatures over 
the fully wet portions of the surface and the formation of ice at the 
predicted critical region provide sufficient proof that the calculation 
method is applicable at the 0.8 Mach number condition. 

The results obtained with the diamond airfoil for a supersonic free- 
stream Mach number of approximately 1.35 for pressure altitudes of 25^000 
to 42^000 feet are presented in figures V(c) to (f ) . For the fully wetted 
region of the front face^ the calculated surface temperatures approximate 
the measured values very well^ the calculated temperature generally being 
up to 3*^ F lower than the measured value. 

The forward extremity of the observed ice formation was considered 
as the point corresponding to the point defined in the icing-limit defi- 
nition^ and the free-stream static temperature (icing limit) was deter- 
mined for the conditions existing at that point from reference 2. The 
values so obtained are presented in the figure legends together with the 
experimentally determined free-stream static temperature. The experimen- 
tal value is from 4^ to 8^ below the value deteimined from reference 2. 

The thermocouples located in the regions corresponding to the observed 
chordwise position of the ice locations for the most part did not indi- 
cate freezing-level temperatures. This discrepancy in the results was 
apparently caused by the partly wetted nature of the surface and conse- 
quent incomplete spanwise development of the ice formation^ which were 
thus not always directly over the thermocouple junctions. 

Measurements of the dewpoint of the air stream indicate that the 
relative humidity of the air stream at the test section varies from a 
somewhat supersaturated condition at 25^ 000-feet pressure altitude to a 
relatively dry condition (relative humidity approximately 15 percent) at 
40^ 000-feet pressure altitude. Evaporation from the droplets in the 
spray and moisture added to the stream by the air from the spray nozzle 
tend to increase the humidity locally and would result in a more nearly 
saturated stream at the model. Because the static temperatures are low 
for the supersonic condition (from -20^ to -50^ F)^ the total water con- 
tent of the air for complete saturation is low and local saturation may 
be accomplished by the addition of only small amounts of water vapor. 

The similarity of the results at all the altitude conditions in- 
dicates that the effect of initial humidity of the ambient air at low 
static temperature is small. The results presented in the figures show- 
ing calculated surface temperatures were obtained by using values of 
vapor pressure determined from humidity measurements of air samples tal:en 
from the plenum chamber. In order to determine the possible effect of 
change in humidity between the point of measurement and the models some 
additional calculations of surface temperature were made with the free 
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stream considered as at the saturation humidity. For the supersonic 
free stream^ the condition of saturation at the model represents a de- 
crease in the vapor content for the 25,000-foot pressure altitude con- 
dition and an increase in vapor content for the 42,000-foot pressure 
altitude condition. The results of these calculations of the surface 
temperature snow a decrease of less than 0.5^ F for the 25,000-foot pres- 
sure altitude condition and an increase in temperature of approximately 
1.4^ F at the 42,000-foot condition, as shown hy the dashed line in 
figure 7(f). 

Surface temperature and icing limit - front surface . - Obtaining 
data on the icing of the forward surfaces of the diamond airfoil necessi- 
tated reduction of the air temperature to values considerably below the 
icing-limit temperature for the rear surfaces. Consequently, icing of 
the rear surfaces was occurring simultaneously, and it was necessary to 
obtain the data rapidly before the ice accumulation on the rear surfaces 
was sufficient to affect the flow field over the entire airfoil. The 
general icing-limit definition, for a particular point on the body, does 
not exclude the possibility of the existence of ice elsewhere on the body, 
if the formation of such ice does not require the inclusion of the heat 
of fusion teim in the calculations for the point in question. The point 
on the surface corresponding to the conditions of the icing -limit defi- 
nition is the point which is at a temperature of 32° F and therefore at 
the newly forming edge of the ice formation. 

As the air temperature was reduced, ice on the forward surfaces 
formed first in the region directly behind the leading edge, and further 
reduction in the stream temperature caused the ice to extend farther back 
toward the shoulder. Thus, the point on the surface for which the icing- 
limit definition applies is the rearward extremity of the ice formation. 
Figure 8 shows the change in the rearward extent of the icing for two air 
temperatures at two pressure altitudes. For each of the stream conditions 
shown, the calculated surface temperature indicates that the region just 
ahead of the shoulder should be more susceptible to icing than any other 
part of the forward surface. However, the occurrence of ice formations 
first near the leading edge, and the rearward movement of the icing with 
reduction in air temperature may probably be caused by the lower recovery 
factor near the leading edge and by the high rates of heat transfer and 
evaporation combined with a value for the ratio of k^kj^ greater than 

unity if laminar flow exists in this region. The results of reference 2 
apply strictly only to turbulent flow, and the changes in recovery factor 
and heat and mass transfer that occur in the leading-edge region are not 
included in the analysis of reference 2. 

Values of the measured surface temperature were generally below the 
freezing point from the foremost thermocouple to the rearward extremity 
of the front-face ice formation and showed increases to slightly above 
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the freezing point aft of the ice formation. The calculated surface 
temperatures over the front face were lowest at midchord^ and showed 
generally increasing values toward the leading-edge region^ although 
consistently below the freezing point over the entire front face. At 
the e:xperimentally determined location of the point corresponding to the 
icing-limit conditions^ the calculated surface temperatures were gener- 
ally 2 ^ to 4^ F below the freezing-point temperature. The calculations 
of the icing limit from reference 2 for this region indicate the occur- 
rence of icing at free -stream static temperatures 3^ to 10^ F higher than 
were found experimentally. 


Circular -Arc Airfoil 

Impingement . - On the circular-arc airfoil^ direct impingement of 
the water droplets occurred only over approximately the first 30 percent 
of chord. Behind the impingement region^ surface tension and viscous 
forces caused the runback water to separate into rivulets. As this in- 
vestigation was concerned primarily with the temperatures of wet surfaces^, 
it was necessary to provide sufficient innback water to result in nearly 
fully wetted surfaces behind the limit of impingement^ even though high 
values of liquid-water concentration were required. Although the effect 
on the surface temperature of increasing the liquid-water concentration 
is similar for the circular-arc and the diamond airfoils^ the smaller 
droplet impingement area makes the effect of partial wetness of the sur- 
face aft of the limit of impingement more apparent for the circular-arc 
airfoil. 

Measured vadues of the surface temperature for several values of 
liquid-water concentration at Mach numbers of 0.8 and 1.35 are shown in 
figure 9 for the circular-arc airfoil. The approximate limit of droplet 
impingement is included in figure 9(a). The surface temperatures asso- 
ciated with the lower liquid-water concentrations are high because the 
surfaces aft of the limit of impingement are dry or only partly wet. 

Values of liquid-water content of approximately 5 grams per cubic meter 
were required at both Mach number conditions to provide a continuous film 
of water over the airfoil to the 60-percent-chord position. The reduction 
in surface temperature with increase in liquid-water content shown in fig- 
ure 9 occurred only as the rivulets covered a greater percentage of the 
surface^ and an equilibrium temperature was reached when the thermocouple 
junction became wet. The equilibrium condition is approached for most of 
the thermocouple locations at liquid-water content of 7.0 grams per cubic 
meter (fig. 9(a)) at Mq of 0.8. It was necessary to obtain data only 

when observation of the airfoil surface indicated that the thermocouples 
in the region under study were wet. In figure 9 and the figures follow- 
ing^ any increase in temperature as a function of chordwise position aft 
of the midchord position must be considered to be caused by an incom- 
pletely wet surface at the thermocouples. 
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The increase in temperature near the leading edge shown in figure 
9(a) (Mq = 0.8) with increase in the value of the liquid-water content 

from 3.9 to 5.7 grams per cubic meter could he due to the kinetic energy 
of the droplets, hut prohahly results from the fact that the stream 
static temperature was higher than the surface temperature. Because the 
stream humidity was quite low at the subsonic Mach number condition, as 
discussed in the section Diamond Airfoil, a large evaporative cooling 
effect on the model existed, with the result that the icing-limit condi- 
tion occurred at high values of the stream static temperature. Thus, 
the spray was warm compared with the surface. At the high liquid-water 
concentrations, a finite time and distance were required for the evapo- 
ration at the surface of the water film to cool the remaining water to 
the equilibrium surface temperature, with the result that the process 
was incomplete at the forward stations. The reasons presented for the 
Increase in temperature near the leading edge at the 0.8 Mach number con- 
dition are substantiated by the 1.35 Mach number results of figure 9(b). 
The increase in temperature is less at the higher Mach number and, there- 
fore, is probably not a result of the kinetic energy of the droplets. An 
estimate of the cooling caused by the expansion of the spray-nozzle air 
and the evaporation from the droplets (from the results presented in ref. 
8) indicates that the drops would approach the stream static temperature, 
which is lower than the surface temperature, and thus would not raise the 
leading-edge surface temperature at the 1.35 Mach number condition. 

Surface temperature and icing limit . - Figure 10 presents measured 
surface temperatures obtained with the circular-arc airfoil, together 
with calculated surface temperatures (r = 0.88) and observed ice- 
formation locations for Mach numbers of 0.6, 0.8, and 1.35 at pressure 
altitudes from 25,000 to 40,000 feet. Included in each figure for the 
30,000-foot pressure altitude condition is the surface temperature calcu- 
lated with values of the recovery factor corresponding approximately to 
the variation with chordwise position shown in figure 5 (figs. 10(b), 

(e), and (h)). 

The results shown in figures 10 (a) to (f) are for subsonic free- 
stream Mach number conditions. The minimum calculated surface tempera- 
ture occurs at or near the midchord position. However, ice was observed 
to form first in the region just behind the leading edge, and the minimum 
value of the measured surface temperature also occurred in this region. 
Near the leading edge, the existence of a laminar-flow region with the 
resulting high convective heat -transfer and evaporation rates, combined 
with a value greater than unity for the ratio of the evaporation and 
heat-transfer coefficient, probably accounts for most of the difference 
between the measured surface temperature values and the sixrface tempera- 
tures calculated by equation (l) with values for the recovery factor as 
a function of chordwise position. Observation of the airfoil during the 
initial period of ice formation disclosed that, at the higher altitude 
conditions, ice crystals formed in the water film, slid back along the 
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surface^ and disappeaxed appaxently from melting rather than from blow- 
off. Because the humidity of the air stream was very low and the amount 
of water vapor required for saturation was not negligible^ the subsonic 
results obtained with the circular-arc airfoil model may not be compared 
directly with the free-stream icing-limit temperature results of refer- 
ence 2, which apply only if the air stream is saturated. However, the 
surface temperat\ires calculated with the method employed in reference 2, 
but with values of the vapor pressure corresponding to the humidity meas- 
iirements made during the experiment, show reasonable agreement with meas- 
ured temperatures over the forward regions of the airfoil (figs. 10(a) 
to (f)). 

The results obtained for several pressure altitudes at a Mach num- 
ber of 1.35 are shown in figures 10(g) to (j). Ice was observed to form 
first in the region just behind the midchord position. Measured and cal- 
culated surface temperatures both show agreement as to the location of 
the critical region for the initial formation of ice. Surface tempera- 
tures very near the freezing point were measured in the vicinity of the 
ice location at each of the altitude conditions. Calculated surface tem- 
peratxrres approximately 4° F below the measured temperature were obtained 
in the critical region. The trend of the measured surface temperatxires 
to values lower than the calculated temperature in the leading-edge re- 
gion is apparent in figures 10(g) to (j) as it was in previous figures 
for both the diamond and circular-arc airfoil models. The icing-limit 
temperatiores tQ ^ based on the location of the ice, included in the 

figure legends, show that reference 2 predicts the formation of ice at 
temperatures from 7° to 12° F higher than the experimentally determined 
limitihg temperature. The occurrence of the ice formation near the 
reflected-shock intersection and the slope of the calculated siirface tem- 
perature curve indicate that the ice might have formed nearer the trailing 
edge and at a higher stream temperature if the shock had not been present. 


General Comparison of Calculated and Experimental Results 

The experimental data presented herein show that the results of ref- 
erences 1 to 3 may be applied generally over a considerable range of 
pressure altitude and Mach number conditions to give reasonably good pre- 
diction of the wet-surface temperature or the ambient-air temperature 
that will result in icing at any point on a body. Comparison of figures 
7 to 10 shows that calculated wet-surface temperat\ires for all but the 
foremost regions of the airfoils were generally 2° to 4° F below the meas- 
ured surface temperatures in the fully wetted areas of the airfoils. In 
addition, predictions made from reference 2 of the maximum ambient-air 
temperature that will result in icing were indicated to be conservative 
in every case (icing of the surface occurred at a lower maximum air tem- 
perature than indicated from the results of ref. 2). Although these re- 
sults show sufficiently good agreement to verify the use of the analytical 
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method and results of reference 2^ it is of interest that the calculated 
values of surface temperature for all hut the leading-edge region are 
consistently helow the measured values. Observed icing usually coincided 
with values of the measured surface temperature very near the freezing 
point. 

Factors that would result in higher values of the measured surface 
temperature than would he indicated hy the calculations are: 

(1) Transfer of heat hy conduction through model from tunnel walls 
and unwetted portions of model 

(2) Heat gained hy radiation from suirrounding surfaces 

(3) Heat due to kinetic energy of droplets 

(4) Heat gained from droplets formed from room-temperature water 
that did not reach equilibrium with static air temperatures at 
supersonic Mach number condition 

(5) High free-stream static temperature and spray temperature at 
icing-limit condition for subsonic conditions as a result of low 
stream humidity 

The conduction of heat through the model was minimized hy the use of the 
plastic insert of low thermal conductivity and hy the fact that the plas- 
tic material was not bonded to the metal portions of the model. For the 
temperature differences between the model and the surroundings that ex- 
isted during the experiments^ the heat gained hy radiation is so slight 
as to he of no consequence. The effect of items (3) to (5) would he 
higher values of the surface temperature in the impingement region as a 
function of the liquid-water content of the air. A discussion of these 
factors for the case of the circular-arc airfoil was included in the dis- 
cussion of that airfoil; and the results for the diamond airfoil would 
he similar^ except that the impingement region covers the entire forward- 
facing surfaces. An additional factor that reduced the temperature read- 
ing nearest the leading edge hy approximately 1^ F was the spray-nozzle 
air jet^ which was generally at a lower total temperature than the stream. 
The effect elsewhere on the model was negligible. 

In addition to the factors discussed in the preceding paragraph that 
have an effect on the measured surface temperature^ there are several as- 
pects of the analytical method that could also contribute to the differ- 
ences between measured and calculated values. In the analysis used here- 
in and for references 1 to 3^ the assumption has been made that in the 
region just outside the boundary layer the air may become supersaturated 
with water vapor but condensation of the vapor does not occur. Hardy 
(ref. 3) discusses the possibility that such condensation may actually 
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occur ^ however. If such is the case^ then the value of the specific 
heat used to detemiine the local static temperature must he altered 
connnensurate with the rate of change of phase of the vapor. Calcula- 
tions made using the experimental data for the conditions resulting in 
the highest degree of saturation of the free stream and considering com- 
plete and instantaneous condensation of all water vapor in excess of 
saturation resulted in a small (0.5^ F) increase in the value of the 
calculated surface temperature at the first thermocouple station and a 
1.1^ F increase just after the midchord position. 

The value of unity for the ratio of the coefficients of mass and 
heat transfer has heen widely used and accepted^ hut exact agreement has 
not heen shown experimentally. Thus the use of the value of unity for 
this relation in equations (l) and (2) may also contribute to the con- 
sistent difference between measured and calculated values. 

The analytical determination of the free-stream static temperature 
at the icing limit is somewhat more sensitive to the value used for the 
ratio k:g/kj^ than is the analytical determination of the surface tem- 
perature. For example^ a 10-percent change in the value of the ratio at 
Mq of 1.35 and pressure altitude of 30^000 feet would cause a change of 

approximately 3.5^ F in the value of that would he obtained by the 

method of reference 2^ and would cause a change of approximately 1.5° F 
in the values of the calculated surface temperatures. A reduction in the 
value of the ratio causes the calculated values of Iq ^ and tg to ap- 
proach the experimental values. 


SUMMARY OF RESULTS 

The twofold experimental investigations to determine the wet -surface 
temperatures on bodies in subsonic and supersonic air streams^ together 
with determination of the stream conditions for which ice will just start 
to form on the surfaces^ yielded the following results: 

1. Measured values of the wet-surface temperature were consistently 
2° to 4° F higher than were calculated with equations given in references 
1 and 2 together with experimental free-stream static temperatures for 
all but the foremost part of the fully wetted regions of the models. 

2. Agreement between the experimental and analytical results shows 
that the results of references 1 and 2 are sufficiently accurate to be 
applied generally. Calculated values of the icing-limit conditions were 
consistently conservative compared with the experimental results^ pre- 
dicting the formation of ice at values of ambient -air temperature up to 
12° F higher and at an average value 7° F higher than the values deter- 
mined by experiment. 
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3. The locations of analytically determined regions on the airfoil 
susceptible to the initial formation of ice were generally substantiated 
by experiment. An exception was observed in the case of the circular- 
arc airfoil model at subsonic airspeeds, for which the region of initial 
ice formation occurred near the leading edge instead of at the midchord 
region as predicted analytically. 


Lewis Flight Propulsion Laboratory 

National Advisory Committee for Aeronautics 
Cleveland, Ohio, November 18, 1954 
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Figure 1. - Circular-arc airfoil model. 
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Figure 2. - Schematic diagram of tunnel used for experimental investigation of icing limit and wet-surface temperature. 




MCA TN 3396 


PresBure coefficient 


MCA TN 3396 


21 







o Exp 
The 

erimen 

ory 

t 



o 

> 










o 

o 











0 









< 

' o 






c 

) 

















o 

o 

o 











in' 

fl 

be 

ected- 

rcepti 

shock 

on 












(a) Diamond airfoil. 



Figure 3. - Pressure distribution for diamond and circular- 
arc airfoil models at free-stream Mach number of 1-35. 
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(a) Free-stream Mach number, 0.8. 
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(b) Free-stream Mach number, 1.35. 

Figure 4. - Variation of recovery factor with chordwise posi- 
tion on diamond airfoil for two values of free-stream Mach 
number. 
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(a) Pressure altitude, 30,000 feet at several values of 
free-stream Mach numher. 
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(h) Free-stream Mach numher, 1.35, at several values of 
pres sur e alt it ude . 
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(c) Effect of roughness at leading edge at free-stream Mach 
numher of 1.35 and pressure altitude of 30,000 feet. 

Figure 5. - Vaxlation of recovery factor with chordwise posi- 
tion on circular-arc airfoil. 
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Figure 6. - Diamond airfoil model in tunnel^ showing ice formed at Mach 1.35 on top surface behind shoulder. 


1 • I « It 

! 


HA.CA TN 3396 



Surface temperature 


MCA TN 3396 


25 


t- 

to 




I 

o 



cQ (a) Free -stream Mach number, 0.8; pressure altitude, 30,000 
feet. Free-stream static temperature tQ (exp.), 69. F; 
^0,c 2), not applicable. 



(b) Free-stream Mach number, 0.8; pressure altitude, 35,000 
feet. Free-stream static ten 5 )erature to (exp.), 82.8° F; 

to,c 2); not applicable. 

Figure 7 . - Surface ten 5 )eratures on diamond airfoil at 
Icing limit. 
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(d) Free -stream Mach number^ l-35j pressure altitude, 30,000 
feet. Free-stream static temperature tQ (exp.), -38.4^ F; 
tQ^^ (ref. 2), -31. 1"^ F. 

Figure 7. - Continued. Surface temperatures on diamond 
airfoil at icing limit. 
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(e) Free-stream Mach number, 1.35; pressure altitude, 35,000 
feet. Free-stream static temperature tQ (exp.), -28.9^ F; 
to,c 2)^ -22. 8° F. 
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(f) Free-stream Mach number, 1.35; pressure altitude, 42,000 
feet. Free-stream static temperature tQ (exp.), -22.4^ F; 
tQ^c (ref. 2), -17.80 F. 

Figure 7. - Concluded. Surface temperatures on diamond 
airfoil at icing limit. 


Surface temperature 


28 


HA.CA TN 3396 


Exp 

\icl 

erlmen 

ng-llm 

tal po 
it con 

int co: 
iltlon 

rrespo: 
B for : 

ndlng ■ 
front ; 

to 

face 





\n 

□ ° 

□ c 

° c 

□ 






□ 


□ 

□ 






— 

\ 

\ 


a 

M 

— C 

□ 

easurei 
alcula 
ce loc; 

i 

ted 

ation 





1 




(a) Plenum air ten^erature, 74.2° F; pressure altitude, 25,000 
feet. Free-stream static temperature tQ coirresponding to 
point of rearward extent of icing on front face: experimen- 

tal, -65.2° F; reference 2, -62.0° F. 
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(b) Plenum air temperature, 72.4° FJ pressure altitude, 25,000 
feet. Free-stream static temperature to corresponding to 
point of rearward extent of icing on front face; experimen- 
tal, -66.6° F; reference 2, -59.2° F. 


Figure 8. - Rearward extent of ice formation on front face of 
diamond airfoil for two values of stagnation (plenum air) tem- 
perature at pressure altitudes of 25,000 and 30,000 feet and 
free-stream Mach number of 1.35. 
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(c) Plenum air temperature, 83.4° F; pressure altitude, 30,000 
feet. Free-stream static temperature tQ corresponding to 
point of rearward extent of icing on front face: experimen- 

tal, -57.6° F; reference 2, -50.4° F. 
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(d) Plenum air temperature, 80.5° F; pressure altitude, 30,000 
feet. Free-stream static temperature tn corresponding to 


O 

point of rearward extent of icing on front face: 
tal, -60.6° F; reference 2, -51.2° F. 


experimen- 


Figure 8. - Concluded. Rearward extent of ice formation on 
front face of diamond airfoil for two values of stagnation 
(plenum air) temperature at pressure altitudes of 25,000 and 
30,000 feet and free-stream Mach number of 1.35. 
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Figure 9. - Variation of measured wet-surface temperature on 
clrculELT-arc airfoil for several values of liquid- water con- 
tent at two Mach number conditions. 
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(■b) Free-stream Mach number, 0.6; pressure altitude, 
30,000 feet. 



(c) Free-stream Mach number, 0.6) pressure altitude, 
35,000 feet. 

Figure 10. - Surface ten^jeratures on circular-arc airfoil 
at Icing limit. 
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(d) Free-stream Mach number, 0.8; pressure altitude. 



(e) Free-stream Mach number, 0.8; pressure altitude, 
30,000 feet. 



(f) Free-stream Mach number, 0.8; pressure altitude, 
35,000 feet. 

Figure 10. - Continued. Surface temperature on circular-arc 
airfoil at icing limit. 
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(g) Free-stream Mach number, 1.35; pressure altitude, 25,000 
feet. Free-stream static temperature tQ (exp.), -45.8° F; 
t^ _ (ref. 2), -37.1° F. 
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(h) Free-stream Mach number, 1.35; pressure altitude, 30,000 
feet. Free-stream static temperature tQ (exp.), -36.6° F; 
tQ^^ (ref. 2), -27.7° F. 


.2 


.6 


.8 1.0 

Chordwlse position, x/c 



(l) Free-stream Mach number, 1.35; pressure altitude, 35,000 
feet. Free-stream static temperature tQ (exp.), -39.6° F; 
tQ^^, (ref. 2), -27.9° F. 


(j) Free-stream Mach number, 1.35; pressure altitude, 40,000 
feet. Free-stream static temperature tQ (exp.), -18.1° F; 
tQ^^ (ref. 2), -8.2° F. 


Figure 10. - Concluded. ' Surface temperatures on circular-arc airfoil at Icing limit. 
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